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I . Introduction and sunmary
The organ ic  e lec t ron  acceptor tetracyanoquinodinethane (TCNQ, I)
is knovm to form crystal l ine complexes wiÈh a great var iety of donors
wh ich  may be  o f  o rgan ic  o r  inorgan ic  o r ig in  ( l ) .  Dur ing  the  las t  t ï , ro
decades these complexes  have been Lhe f ie ld  o f  ex tens ive  s tudy  by
chemis ts  and phys ic is ts ,  because o f  uhe i r  la rge  var ia t ion  o f  e lec t r i c
and magnet ic  p roper t ies  and Èhe d ivers i ty  o f  so l id  mod i f i ca t ions .  The
r o o m  t e m p e r a t u r e  e l e c t r i c  c o n d u c t i v i t i e s  r a n g e  f r o m  l 0 - 1 0  t o  t O 2 n - l " r - 1 .
Some TCNQ salts have act ivat ion energies aL low temperatures larger than
0.35  eV,  whereas  HMTSF(TCNQ)(2)  i s  s t i l l  h igh ly  conduct ing  be low I  K .
The magnet ic  suscept ib i l i t y  i s  somet imes ac t iva ted ,  in  o ther  cases  rough-
ly  cons tan t ,  whereas  in  some complexes  iË  r i ses  sharp ly  a t  low tempera-
tures. On the basis of the mutual arrangement of the donor and TCNQ mole-
cu les ,  c rys ta ls  o f  TCNQ complexes  can be  d iv ided in to  th ree  main  groups .
In  c rys ta ls  o f  the  f i rs t  g roup there  are  l inear  a r rays  in  wh ich  p lanar
donor  and TCNQ molecu les  a lEernate ,  the  so  ca l led  mixed s tacks .  Crys ta ls
of the second group contain stacks composed out of TCNQ moiet ies only
(segregated  s tacks) .  In  some cases  donor  s tacks  are  present  as  we1 l .
F ina l l y  there  are  c rys ta ls  in  wh ich  the  TCNQ un i ts  occur  as  i so la ted  en-
t i t ies  (monomers ,  o r  d imers) .  As  i t  soon became c lear  tha t  the  phys ica l
p roper t ies  o f  TCNQ complexes  w i th  mixed s tacks  or  w i th  i so la ted  TCNQ
uni ts  do  noË d i f fe r  essent ia l l y  f rom those o f  o t .her  knom charge t rans-
fe r  complexes  (3 ) ,  most  a t ten t ion  has  been pa id  to  the  second group o f























The compounds wi l l  be br ief ly  referred to as TCNQ complexes or  TCNQ
s a l t s .
I n  exp lana t i ons  o f  t he  s t rong  va r i a t i ons  i n  phys i ca l  p rope rL ies
encountered for  the TCNQ complexes,  a huge var iat ion of  ef fects,  in-
t e rac t i ons  o r  s t ruc tu ra l  de ta i l s  has  been  repo r ted  i n  t he  l i t e ra tu re .
As  examp les  may  be  men t i oned  Cou lomb  i n te rac t i ons ,  bandw id th  a r i s i ng
f rom the  s t rong  n  mo lecu la r  ove r l ap  be tween  mo lecu les  a long  the  s tack ,
exchange int .eract ions between neighbour ing spins,  the average number
of  e lect rons per  TCNQ and the coupl ing of  e lect rons to in ter-  and
in t ramo lecu la r  v i b ra t i ons .  I n  a  recen t  app roach  (4 )  t o  exp la in  t he
g r o s s  f e a Ë u r e s  o f  t h e  e l e c t r i c  c o n d u c t i v i Ë y ,  m a g n e t i c  s u s c e p t i b i l i t y ,
op t i ca l  abso rp t i on ,  and  s tack  d i s to r t i ons ,  i t  has  been  sugges ted  tha t
the Coulomb interact ions are the dominant  in teract ions and that  the
key  va r i ab le  i s  p ,  t he  number  o f  e l ec t rons  pe r  TCNQ.  Such  mode ls  w i t h
on l y  one  va r i ab le  pa ramere r  a re  a t t r ac t i ve  by  t he i r  s imp l i c i t y ,  bu t
have  the  d i sadvan tage  tha t  i n  many  cases  they  do  no t  exp la in  sub t l e
va r i a t i ons  i n  p rope r t i es  as  occu r ,  f o r  i ns t . ance ,  as  a  f unc t i on  o f
t e m p e r a t u r e ,  p r e s s u r e ,  d i s o r d e r ,  o r  d u e  t o  p h a s e  t r a n s i t i o n s .  F o r  a
more  de ta i l ed  ana l ys i s  o f  t he  e f f ec t s  i nvo l ved ,  bo th  t he  c r ys ta l  s t ruc -
tu res  and  the  phys i ca l  p rope rÈ ies  o f  a  g roup  o f  r e l a ted  TCNQ comp lexes
mus t  be  de te rm ined .  A  p ro jec t  i n  wh i ch  th i s  i s  reaT ízed  i s  ca r r i ed  ouË
in the Departments of  Physical  Chemist ry  and Chemical  Physics of  the
Un ive rs i t y  o f  G ron ingen ,  i n  c l ose  coope ra t i on  w i th  chemis t s  and  phys i -
c is ts  in  Budapest ,  Vancouver,  Grenoble and Oak Ridge.  The Xray and
neu t ron  d i f f r ac t i on  (o r  sca t te r i ng )  i nves t i ga t i ons  desc r i bed  i n  t he
p resen t  t hes i s  a re  mean t  t o  p rov ide  the  s t ruc tu ra l  bas i s  f o r  t he  re -
sea rch .  The  resu l t s  o f  phys i ca l  measu remenËs  a re ,  o r  w i l l  be ,  r epo r ted
e l s e w h e r e  ( 5 ) .
To  s tudy  the  i n f l uence  o f  t he  s í ze  and  shape  o f  t he  ca t i ons  on
the  s t rucËures  and  p rope r t i es ,  X ray  d i f f r ac t i on  s tud ies  have  been  done
on  the  re la ted  N-subs t i t u ted  morpho l i n i um comp lexes  N-ne thy l -N -e thy1 -
morphol in ium (rCmq),  lunul rCt lq ; r1 ,  N,N-(d ierhy l ) - rnorphol in iurn (TCNQ)2
l lnu(rcNQ)21,  N,N-(d imethy l ) -morphot in ium (rcuq; ,  Iomt{ rcNQ)2] ,  and
N-hydrogen-N-ethy l -morphol in ium (rCt lq) ,  IHnU{rCl lq ; r1,  (Chaprer  I I ) ,
and  o f  some  Rub id ium TCNQ comp lexes  (Chap te r  IV ) .  Fo r  bo th  g roups  i t
may  be  assumed  tha t  each  dono r  mo lecu le  supp l i es  one  e lec t ron  to  t he
3TCNQ rnolecules. T'he stnrctures determined for Rbr(TCNQ)a at l l3 and
294 K have been compared with the isostructural complex Csr(TCNQ), at
294K( IV .4) . I tËurned ou t  tha t  w i th in  the  TCNQ s tacks  the  sh i fcs  'para l -
lelr to the TCNQ planes do not depend on the temperature but quite
strongly on the atouic radii of the cations. For the distances between
the planes Ëhe reverse is the case,
The observed structure aÈ I I 3 K of one of the morpholinium type
complexes, MEM(TCNQ)2, resulted in a new interpretat ion of i ts phase
t rans i t ion  a t  19  K and in  the  d iscovery  o f  a  second phase t rans i t ion  a t
340 K. Measurements of the physical  propert ies (5) showed not only ano-
mal ies at the phase transi t ions but also at intermediate temperaËures.
The electr ical  conduct iv i ty increases anomalously between 290 and 320 K.
Even more remarkable is i ts sudden increase with a factor lOJ at
the f i rst  order phase transiÈion aË 340 K. To l ink these observat ions
with changes in the crystal  structure Xray di f f ract ion studies were car-
r ied out at 294, 323 and 348 K (Chapter I I I ) .  Two major changes have
been observed: (a) an increasing disorder of the MEM molecule with in-
creasing temperature, which sets in at about room temperature, (b) a
further sharp enhancement of the disorder at the phase transi t ion, at
which temperature also the strongly dirner ized TCNQ stacks become almost
regular.  The enhancement of the disorder and the accompanying stack
regular i ty are evident ly favorable for the conduct iv i ty.
The h igh  tempera ture  phase t rans i t ion  has  been descr ibed by  Sawatz-
ky ,  Hu iz inga & Konmandeur  (7 ) ,  in  te rms o f  a  one e lec t ron  theory  fo r  a
i  f i l l ed  band sys tem wi th  h igh  on-s i te  Cou lomb in te rac t ion  U.  In  th is
p ic tu re  the  t rans i r ion  f rom a  regu la r  to  a  d imer ízed cha in  cor responds
to a 4 k,  anomaly (kf  = i í  is the Fermi wave vector of the regutar
s tack  w i th  per iod ic i ty  a ) .  For  such a  sys tem another  anomaly  (2k f )  i s
expec ted  a t  lower  tempera tures ,  resu l t ing  in  a  te t ramer iza t ion  o f  the
TCNQ s tacks .  To  check  whether  the  expec ted  doub l ing  o f  the  ce l l  d imen-
s ion  a long the  s tack  cou ld  be  observed e las t i c  neut ron  and Xray  d i f -
f rac t ion  s tud ies  were  per fo rmed be low l9  K .  Both  Èechn iques  revea led
the  expec ted  doub l ing ,  bu t  the  de ta i led  s t ruc tu re  has  no t  been de ter -
mined ye t .  A t  tempera tures  we l l  above 19  K d i f fuse  Xray  sca t te r ing
occurs ,  in  accordance w i th  a  phonon so f ten ing  de tec ted  a t  20  K by  in -
e l a s t i c  n e u t r o n  s c a t t e r i n g  ( I I I . 3 ) .
4Apart  f rom the st ructure of  MEM(TCNQ)2,  in  Chapter  I I  the crysta l
s t ructure determinat ions of  DEM(TCNQ)2,  DMM(TCNQ),  and Hn' { (TCNQ) 2 are
descr ibed" The cor t rnon feature of  these complexes is  the presence of
shee ts  o f  TCNQ un i t s .  The  de ta i l s  o f  t he  shee ts ,  a re ,  hov reve r ,  s t rong -
l y  d i f f e ren t  f o r  va r i ous  s t ruc tu res .  MEM(TCNQ)2 ,  DMM(TCNQ) ,  and  HEM
(TCNQ) ,  conEa in  on l y  one  c rys ta l l og raph i ca l l y  i ndependen t  shee t ,  f o r
DEM(TCNQ)  2  two  i ndependen t  shee ts  occu r .  S t ruc tu ra l  cha rac te r i s t i cs
o f  t he  comp lexes ,  as  de ta i l ed  shee t  f ea tu res ,  number  o f  i ndependen t
shee ts  and  ca t i on -TCNQ shee t  i n te rac t i ons ,  w i l l  e f f ec t  t he i r  phys i ca l
p rope r t i es .  P re l im ina ry  resu l t s  (S )  o f  ESR measu remen ts  show the  d i f -
f e rences  expec ted  on  the  bas i s  o f  t he  s t ruc tu ra l  aspec ts  men t i oned
above.
In  Chap te r  V  a  qua l i t a t i ve  d i scuss ion  o f  TCNQ comp lexes  w i th  se -
gregated stacks shows under which c i rcumstances sheets of  TCNQ mole-
cu les  as  encoun te red  i n  t he  p resen t  l : 2  comp lexes  a re  l i ke l y  t o  occu r .
Espec ia l l y  s te r i c  cons ide ra t i ons  as  imposed  by  s i ze  and  shape  o f  t he
ca t i ons  and  s t rong  e lec t ros ta t i c  i n te rac t i ons ,  as  p resen t  i n  t he  a l ka1 i
TCNQ sa l t s ,  have  been  used  to  c l ass i f y  t he  compounds .  I dea l i zed  shee t
fea tu res  a re  f o rmu la ted  i n  V .2 .  The  i dea l i zed  shee t  s t ruc tu re  con ta ins
sho r t  N . . ,H  d i s tances  be tween  the  TCNQ mo lecu les  o f  success i ve  s tacks ,
and Èhe over lap in  the stack is  assumed to be of  the r ing-external  bond
o r  t he  r i ng - r i ng  bond  t ype .  Fo r  t he  c l ass  o f  f l a t  ca t i ons ,  i dea l i zed
shee t  f ea tu res  a re  expec ted  on l y  i f  t he  ca t i ons  mee t  ce r ta in  c r i t e r i a
( t a b l e  B  i n  V . 5 . 5 . ) .  F o r  t h e  l : l  s a l r s  i n  t h e  l i t e r a t u r e  o n l y  r h e  f l a t
ca t i on  NMP obeys  the  c r i t e r i a ,  mak ing  the  sa l t  NMP(TCNQ) - I  w i t h  i t s
i d e a l i z e d  s h e e t  c h a r a c t e r i s t i c s ,  u n i q u e  a m o n g  t h e  l : l  s a l t s .
TCNQ comp lexes  w i th  l ong  ca t i ons  (V .4 . )  do  no t  con ta in  t he  i dea -
L í zed  ove r l ap  modes  a long  the  s tacks .  On l y  f avo rab le  (V .4 . )  "po l ymo le -
cule format ion"  of  the cat ions due to par t ia l  over lap can prevent  s tack
d i s to r t i on  a t  t he  head  and  ta i l s  o f  t he  ca t i ons .  I n  t he  shee t . s  o f  t he
l : 2  comp lexes  w i th  med ium s i ze  ca t i ons  s tack  d i s to r t i ons  occu r  even
more f requent ly ,  which may resul t  in  sheets bui l t  up out  of  d imers.  The
s t ruc tu res  o f  t he  morpho l i n i um t ype  sa l t s  desc r i bed  i n  t h i s  t hes i s ,  de -
monstrate that  in t ra-  and inter-d i rner  s tack ing and sheet  or ientat ion
s t rong l y  depend  on  the  ou te r  shape  o f  t he  ca t i ons .  The  f l ex ib i l i t y  o f
t hese  ca t íons  and  the  poss ib i l i t y  o f  d i so rde r  make  à  p r i o r i  p red i c t i ons
of  Ëhese s t ruc tu res  near ly  imposs ib le .  The l :  I  sa l ts  o f  the  med ium
s ize  ca t ion  c lass  possess  s t rong ly  d is to r ted  sheeËs or  no  sheets  a t
a l l .
For  the  I  :  I  a lka l i  TCNQ sa l ts  the  s ize  o f  Rb+ jus t  enab les  th is
cat ion t .o combine strongest possible electrost.at ic inreract ion with
N6- atoms of TCNQ, with (s1ight ly distorted) ideal ized sheet charac-
Ëer isÈ ics .  One Rb(TCNQ) nod i f i ca t ion  c rysÈa l1 izes  in  such a  s t ruc tu re
type. For the smal ler cat ions large deviat ions from the ideal ized
sheet  a re  expec ted .  In  the  ac tua l  s t ruc tu res  o f  two Rb(TCNQ) mod i f i -
caLions and of the TCNQ complexes with smal ler cat ions, the TCNQ
stacks are related by pseudo fourfold syrmetry and sheets do not occur.
The structures of I  :  I  TCNQ cornplexes containing eat ions related to
TTF (V.9 . ) ,  rough ly  fo l low Ëhe ru les  o f  Tab le  8  fo r  the  f la t  ca t ions .
Because of i ts sma1l size, in the TTF(TCNQ) farni ly the TTF cat ion i t -
se l f  i s  the  leas t  ab le  to  fo rm a  TCNQ complex  w i th  s t ruc tu ra l  fea tures
as encountered in NMP(TCNQ)-I .  A herr ingbone type packing as found in
TTF(TCNQ) for both TTF and TCNQ, occurs frequenl ly in crystals of or-
ganic complexes, but is (apart  f rom the compound TMA.I.( fCNq;) not
observed for any other TCNQ complex.
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